The shortage of nitrogen active sites and relatively low nitrogen content result in unsatisfying eletrocatalytic activity and durability of nitrogen-doped graphene (NG) for oxygen reduction reaction (ORR). Here we report a novel approach to substantially enhance electrocatalytic oxygen reduction on NG electrode by the implantation of nitrogen active sites with mesoporous graphitic carbon nitride (mpg-C 3 N 4 ). Electrochemical characterization revealed that in neutral electrolyte the resulting NG (I-NG) exhibited super electrocatalytic activity (completely 100% of four-electron ORR pathway) and durability (nearly no activity change after 100000 potential cyclings). When I-NG was used as cathode catalyst in microbial fuel cells (MFCs), power density and its drop percentage were also much better than the NG and Pt/C ones, demonstrating that the current I-NG was a perfect alternative to Pt/C and offered a new potential for constructing high-performance and less expensive cathode which is crucial for large-scale application of MFC technology. F uel cells (FCs) offer a great opportunity to obtain cleaner and more sustainable energy in the 21st century. One of the great challenges encountered in fuel cell technology is to explore innovative, alternative and nonprecious metal cathode catalysts with low cost, high activity and practical durability for oxygen reduction reaction (ORR) in the long-term run because the current platinum (Pt) or its alloys suffer from high cost, lowreverses in nature, and formation of PtO layer at the Pt surface 1,2 , although they have been demonstrated to be the best electrode materials for ORR. Thus, the development of cost-effective and durable catalysts for efficient oxygen reduction to reduce or even replace Pt has becoming one of the most attractive topics in fuel cell field.
The shortage of nitrogen active sites and relatively low nitrogen content result in unsatisfying eletrocatalytic activity and durability of nitrogen-doped graphene (NG) for oxygen reduction reaction (ORR). Here we report a novel approach to substantially enhance electrocatalytic oxygen reduction on NG electrode by the implantation of nitrogen active sites with mesoporous graphitic carbon nitride (mpg-C 3 N 4 ). Electrochemical characterization revealed that in neutral electrolyte the resulting NG (I-NG) exhibited super electrocatalytic activity (completely 100% of four-electron ORR pathway) and durability (nearly no activity change after 100000 potential cyclings). When I-NG was used as cathode catalyst in microbial fuel cells (MFCs), power density and its drop percentage were also much better than the NG and Pt/C ones, demonstrating that the current I-NG was a perfect alternative to Pt/C and offered a new potential for constructing high-performance and less expensive cathode which is crucial for large-scale application of MFC technology.
F uel cells (FCs) offer a great opportunity to obtain cleaner and more sustainable energy in the 21st century. One of the great challenges encountered in fuel cell technology is to explore innovative, alternative and nonprecious metal cathode catalysts with low cost, high activity and practical durability for oxygen reduction reaction (ORR) in the long-term run because the current platinum (Pt) or its alloys suffer from high cost, lowreverses in nature, and formation of PtO layer at the Pt surface 1, 2 , although they have been demonstrated to be the best electrode materials for ORR. Thus, the development of cost-effective and durable catalysts for efficient oxygen reduction to reduce or even replace Pt has becoming one of the most attractive topics in fuel cell field.
Recently, as one kind of the reasonable alternatives to Pt catalysts, non-precious metal-free carbon materials have been revealed to be viable given their comparable catalytic activities toward ORR [3] [4] [5] [6] . Among these carbon materials, nitrogen-doped graphene (NG) has drawn the most attention and been accepted as an excellent substitute for Pt to improve the commercialization prospect of fuel cell technology [7] [8] [9] [10] . Generally, nitrogen doping can enhance the electrical property of carbon matrix of graphene, resulting in an improvement of cross correlation between carbon and guest molecules [7] [8] [9] [10] . However, the shortage of nitrogen active sites and low nitrogen content (lower than 5%) always result in unsatisfying eletrocatalytic activity and durability of NG for ORR. The development of NG materials with more nitrogen active sites and relatively higher nitrogen content is therefore highly desirable.
As is well known, graphitic carbon nitride (g-C 3 N 4 ), which can be synthesized from a simple precursor, has been reported to show remarkably high catalytic activities for lots of chemical reactions, such as photocatalytic hydrogen production and contaminant degradation due to its abundant nitrogen active sites 11 . If active sites from g-C 3 N 4 could be implanted to the nanosheets of NG, the electrocatalytic activity and durability of NG for ORR would be enhanced due to a bountiful supply of active sites which have been considered to be related to electronrich N atoms with electron lone pairs and electrondonating conjugated p-bond systems 12 . Also, the electrocatalytic activity of implanted g-C 3 N 4 itself for ORR could be improved by NG with super conductivity, because it has been documented that one of the effective strategies to improve the ORR activity of non-conductive g-C 3 N 4 is the application of conductive carbon support to reduce the electron accumulation on the surface of catalyst [13] [14] [15] . The synergistic coupling interactions between NG and g-C 3 N 4 would drive NG to possess better electrocatalytic activity and durability for ORR than the pristine one. Till now, however, reports on the enhancement of ORR activity and durability of NG by the implantation of nitrogen active sites are rare Herein we reported the implantation of nitrogen active sites to NG nanosheets (named as I-NG) with mesoporous g-C 3 N 4 (mpg-C 3 N 4 ) which has been demonstrated to have a larger number of nitrogen active sites present on its surface than other types of g-C 3 N 4 11 . The synthesized I-NG material showed amazing electrocatalytic activity (100% of four-electron pathway) and durability (nearly no activity change after 100000 potential cyclings) for ORR, and remarkable metabolite tolerance to crossover effects in neutral phosphate buffer solution (PBS). Recently, extensive investigations have been performed on microbial fuel cells (MFCs), which can be applied to the conversion of biomass into electricity and the treatment of wastewater, whereas their large-scale applications are hampered by the lack of cheap organics-resistant ORR catalysts 17 . Researcher has attempted to use NG as ORR catalyst in MFCs, but the performance of power output is still needed to be improved due to the unsatisfying ORR activity of NG 8 . When I-NG was used as cathode catalyst in MFCs of current study, we found that the outcome of power generation was exciting with an obvious promotion compared with those obtained in MFCs with pristine NG, even Pt/C, offering a new potential for constructing a large-scale MFC device with high-performance and less expensive cathode.
Results
Implantation of active sites to NG. Typically, the implantation of nitrogen active sites to NG was completed by two-step process (Schematic diagram is shown in Figure S1 ). In the first step, NG and mpg-C 3 N 4 were prepared respectively by one-pot solvothermal and self-condensation reactions. In the second step, mpg-C 3 N 4 with abundant nitrogen active sites was implanted to NG nanosheets via sonochemical approach. Details on the implantation of nitrogen active sites (with only about 5.0 wt% mpg-C 3 N 4 ) can be found in the section of Materials Synthesis.
Morphology and structure characterization. The morphologies and structures of synthesized materials were investigated respectively by scanning electron microscopy (SEM) ( Figure S2 ) and transmission electron micros-copy (TEM) (Figure 1 ). Figure S2A demonstrates that the as-prepared mpg-C 3 N 4 was composed of particles with high uniform dispersion, small size and porous mpg-CN surface. The TEM images of mpg-C 3 N 4 ( Figure 1A) shows the presence of a disordered but well-developed pore system of spherical mesopores within mpg-C 3 N 4 , and a pore diameter close to 12 nm directly reflecting the size of silica template. As shown in Figure 1B and S2B, the synthesized NG displays two-dimensional sheets with chiffon-like ripples and wrinkles, which can induce the pores on the surface of NG making itself possess a large surface area. From the SEM and TEM images of I-NG ( Figure 1C and S2C), both mentioned morphologies and structures can be seen clearly, revealing that mpg-C 3 N 4 particles have been implanted successfully to the synthesized NG.
Raman spectroscopy is the most direct and nondestructive method to characterize the structure and quality of carbon materials, particularly to determine the layers of graphene. In the Raman spectrum of I-NG within the range of 500-3500 cm 21 there were three distinguished peaks at 1328, 1586 and 2650 cm 21 , representing respectively for D, G and 2D band (Figure 2A ). Usually, in the spectra of nitrogen-doped carbon materials the D band corresponds to disordered sp 2 microdomains introduced by the linking with N atoms, and G band to the symmetric E 2g vibrational mode of sp 2 carbon domains in the graphite-like structures. In the present study, the peak intensity ratio of D to G band (I D /I G ) was calculated to be about 0.12, suggesting that the I-NG material remained at a high crystalline quality. The 2D peak is the most prominent feature of graphene in the Raman spectrum, and its position and shape are sensitive to the layer number. In the current investigation, both of synthesized I-NG and NG exhibited broad and up-shifted 2D peaks in the Raman spectra, which indicated that the synthesis process used in this study resulted in the few-layer NG. Moreover, it is noted that the position and shape in the Raman spectrum of I-NG were similar with that of NG, suggesting that the structure of NG remain stable during the implantation of nitrogen active sites. The X-ray diffraction (XRD) patterns of the synthesized I-NG and NG are presented in Figure 2B . It was observed that the NG sample exhibited an intensive peak centered at 26.1u which evidenced its high crystalline quality, showing good conformity with that of NG synthesized in the previous publication 8 . When nitrogen active sites were implanted into NG nanosheets, the I-NG kept the XRD peak at 26.3u. Obviously, the XRD peak positions of I-NG changed little compared with those of NG, further demonstrating that the crystalline quality of I-NG material remained satisfying in despite of the implantation of nitrogen active sites.
X-ray photoelectron spectroscopy (XPS) measurements were performed to probe the chemical composition and the content of nitrogen in the I-NG material ( Figure 3 ). The survey scan spectrum from XPS analysis for I-NG revealed the presence of C1s, O1s and N1s without any other impurities, demonstrating that the current I-NG material was completely metal-free. In the spectrum of I-NG, the peaks at 288.9, 399.2, and 535.0 eV corresponded to C1s of sp2 C, N1s, and O1s of the absorbed oxygen, respectively ( Figure 3A ). The atomic ratio of nitrogen to carbon (N/C) in the synthesized I-NG was calculated to be about 19.7% from the peak areas of C1s and N1s and their atomic sensitivity factors whereas that of the pristine NG was only 11.9%. Thus, the atomic ratio of N/C in the current I-NG was significantly enhanced by the implantation of active sites. Generally, the reported atomic ratio of N/C in NG with good electrocatalytic activity was only around 4% [18] [19] [20] . As the carbon nanomaterials with higher atomic ratios of N/C have been documented to exhibit much better physiochemical properties, such as electrocatalytic activity, electrical conductivity, etc. 21, 22 , the I-NG prepared in the present study might have a wider range of practical application.
The detailed C 1s spectrum of I-NG ranging from 280 to 296 eV is shown in Figure 3B . It can be found that there were four different C groups in XPS spectrum of I-NG, which were characterized by the appearance of several spectral peaks: original C-C at 285.5 eV, C-OH at 286.4 eV in NG, C-N-C at 287.3 eV in mpg-C 3 N 4 , and a new C5O at 289.0 eV in I-NG, respectively. The high resolution XPS N 1s spectrum of I-NG is shown in Figure 3C , and can be deconvoluted into three different signals with binding energies of 398.9, 400.1 and 401.4 eV which corresponded to pyridinic N (N1), pyrrolic N (N2) and graphitic N (N3), respectively. Further exploration found that the content of pyridinic N in I-NG nanosheets was greatly improved by the implantation of active sites (The high resolution N 1s spectrum of pristine NG is shown in Figure 3D ). Besides those of C1s and N1s, O1s peak at 535.8 eV was also observed in the XPS spectrum of synthesized I-NG. The presence of O1s could be attributed to the moisture, atmospheric O 2 , or CO 2 adsorbed on I-NG nanosheets as well as the residual oxygen-containing groups, such www.nature.com/scientificreports as carbonyl and carboxyl groups, that remained at the edges or in the plane of graphene. It has been reported previously that a high content of oxygen in carbon nanomaterials can lead to a strong ability for O 2 adsorption 23 , which might be another advantage for I-NG when being used as the eletrocatalyst for oxygen reduction.
Evaluation of electrocatalytic activity and durability. The electrocatalytic activity of I-NG for ORR was first characterized by cyclic voltammetry (CV) in O 2 -saturated 50 mM PBS (pH 7.0), which is commonly used in biological systems, on a glassy carbon electrode and compared with several other catalysts ( Figure 4A ). As shown in Figure 4A , there was a negligible ORR peak at relatively lower cathode voltage on the CV curves of mpg-C 3 N 4 , corresponding to the poor electrocatalytic activity for ORR caused by the poor electron transfer ability derived from its nonconductive nature 11 . Similar with the previous study 8 , the as-prepared NG showed a clear ORR peak comparable with that of Pt/C, indicating that the NG synthesized in this study had an excellent electrocatalytic activity for ORR in neutral PBS. When the NG was implanted with plenty of nitrogen active sites, the I-NG electrode displayed a much more obvious ORR peak with a larger cathode current compared with those of NG and Pt/C, demonstrating a better electrocatalytic performance for ORR. Similar trends in the ORR activities were observed based on a series of linear sweep voltammograms (LSV) on a rotating disk electrode (RDE) ( Figure 4B ). The more positive onset potential and higher ORR current density on I-NG than mpg-C 3 N 4 , NG and Pt/C electrodes occurred.
It is well known that ORR is a rather complex multistep process and the electrocatalytic performance of cathode catalyst depends on the route of ORR. The rotating ring-disk electrode (RRDE) measurements were performed to further investigate the ORR pathways catalyzed by I-NG under the steady-state conditions in neutral PBS. Figure 4C shows the ring and disk currents recorded at 1200 rpm in PBS for I-NG, NG, mpg-C 3 N 4 and Pt/C. Obviously, the I-NG sample exhibited a much higher disk current, and a nearly negligible ring current ( Figure S3 ). The transferred electron number (n 5 4I D /(I D 1 I R /N), where I D is the faradic disk current, I R is the faradic ring current, and N 5 0.47 is the collection efficiency determined with Fe(CN) 6 3-/4-as probe) per oxygen molecule involved in the ORR process was calculated to be 4.0 for I-NG at the potential of 20.10 V, indicating that the reduction process of I-NG was a complete four-electron pathway. The transferred electron numbers per oxygen molecule for NG, mpg-C 3 N 4 and Pt/C were respectively 3.7, 2.1 and 3.9. Obviously, the electrocatalytic activity of NG was significantly enhanced by the implantation of active sites. The durability of I-NG was evaluated by the chronoamperometric response under the constant cathode voltage. As shown in Figure 4D , the newly developed catalyst exhibited high durability with a negligible attenuation after 5000 and 100000 continuous potential cyclings. Also as seen in Figure S4 , there is no visible morphology change for I-NG after durability test, suggesting that the synthesized I-NG is a class of stable catalysts for ORR.
The metabolite tolerance ability is an important feature of catalysts when being used to catalyze the ORR in biological systems, and also an obvious disadvantage of Pt-based catalysts. In the present study, the crossover behavior (metabolite tolerance ability) of synthesized I-NG was investigated by the addition of 5 mM sodium formate ( Figure S5 ). It is clearly visible that the cathode ORR current remained largely unchanged after sodium formate addition into the electrolyte solution, which demonstrated that the I-NG material possessed remarkably good tolerance to the metabolite crossover effect. The as-prepared I-NG might therefore be an ideal electrocatalyst with high metabolite tolerance ability when being used in biological systems although the related examination of tolerance ability for other metabolites, such as methanol, sulphide, etc., is still needed to be performed.
Application of I-NG as cathode catalyst in MFCs. Various oxidants have been used as electron acceptors at the cathode of MFCs, whereas the most sustainable electron acceptor is oxygen due to its easy availability in the environment with the capacity to give a high power output 24, 25 . Thus, in this study the performance of power output in MFCs with I-NG as cathode catalyst (shorten as I-NGMFCs, Figure S6 ) was evaluated, and MFCs with NG (NG-MFCs) and Pt/C (Pt/C-MFCs) were set as the comparisons ( Figure 5 ). The obtained polarization curves and power densities are presented in Figure 5A . It was observed that based on the polarization data the maximum power density in I-NG-MFCs was 1618 6 50 mW m
22
, whereas in NG-MFCs and Pt/C-MFCs it was 1350 6 30 and 1423 6 25 mWm 22 , which were 16.6 6 1.2% and 12.1 6 1.5% lower than that in I-NG-MFCs ( Figure 5A ). The MFCs with I-NG as cathode catalyst had much better capacity of power generation.
It is well known that cathode catalyst with an excellent durability is one of the important needs during the development of MFC technology. The durability of current I-NG in MFCs was therefore examined by evaluating the effect of operation time on the maximum power density, and those of NG and Pt/C were set as the references. It can be seen from Figure 5B that with operation time of about 80 d the decrease of maximum power density in I-NG-MFCs was only 4.8 6 0.3%, whereas it was 9.1 6 0.6% and 16.0 6 0.9% in NG-MFCs and Pt/C-MFCs. The I-NG-MFCs had a much better stability for power output.
Discussion
In the present study nitrogen active sites was implanted successfully to NG nanosheets, forming a new ideal electrocatalyst for ORR in neutral electrolyte. The approach for the synthesis of current I-NG material was easy-to-operate and catalyst-free using low-cost industrial reagents. Thus, the price of I-NG would be expected to be much lower than those of Pt or its alloys without regard to labor cost, which was crucial when the current material was used as cathode catalyst in fuel cell systems.
During the implantation of active sites, the morphologies of both NG and mpg-C 3 N 4 remained unchangeable (Figure 1 and S2) , and their crystalline qualities were demonstrated to remained high based the analysis of Raman and XRD. From the XPS spectrum of I-NG, it can further been seen that there were no other impurity peaks except those of C1s, O1s and N1s, which suggested that the synthesized catalyst was completely metal-free. During the preparation of I-NG, the implantation of mpg-C 3 N 4 not only improved the nitrogen content from 11.9% for NG to 19.7% for I-NG, but also brought large amounts of pyridinic N, for NG nanosheets. Usually, in the nanosheets of nitrogen-doped carbon materials the nitrogen active sites correspond to pyridinic 4, 7, 8, 26, 27 or graphitic N 28 . It has been documented that N-graphene prepared using a chemical vapor deposition (CVD) method showed a high electrocatalytic activity toward ORR with a limiting current density three times larger than 20 wt% Pt/C due to the pyridinic N-abundant structure 8 . However, Lai et al reported that the electrocatalytic activity of NG was dependent on the graphitic N content which determined the limiting current density, while the pyridinic N content improved the onset potential for ORR 28 . Although which type of N is the most catalytically active site for ORR is still highly controversial, the I-NG material with more nitrogen active sites would be expected to have the stronger ability of weakening the O-O bond via the bonding between the oxygen and nitrogen and/or the adjacent carbon atom, and facilitate the reduction of O 2 . It is worth to note that the proportion of pyrrolic N in the synthesized I-NG was reduced by active sites implantation, also giving benefits for the enhancement of electrocatalytic activity because pyrrolic N are always chemically active themselves 28 . In the following electrochemical measurements, it is demonstrated that the electrocatalytic activity, even durability for ORR on I-NG electrode was truly enhanced by the implantation of mpg-C 3 N 4 . Compared with Pt/C, NG and mpg-C 3 N 4 , the I-NG electrode revealed a more obvious ORR peak with a larger cathodic current, indicating a better electrocatalytic performance for ORR. LSV further revealed the more positive onset potential and higher ORR current density, consistent with the CV observations. Besides, the wide current plateau on I-NG electrode was considered as the strong limiting diffusion current, indicating a diffusion-controlled process related to an efficient four-electron dominated ORR pathway. To quantify the ORR electron transfer pathway, the RRDE technique was employed, and only one-step process for ORR was observed for I-NG, suggesting a complete four-electron pathway for ORR, which was confirmed by the corresponding current for HO 2 2 oxidation recorded at the Pt ring electrode. As can be seen in Figure S3 , the amount of HO 2 2 generated on the I-NG electrode was significantly less than that on mpg-C 3 N 4 , even NG and Pt/C, indicating that I-NG was a more efficient ORR electrocatalyst. Combining the above results with those of XPS analysis, we can conclude that in the current I-NG the pyridinic N was the most catalytically active site for ORR, in accordance with the studies of Kundu et al. 26 and Rao et al. 27 , and the implantation of nitrogen active sites resulted in the remarkable improvement of electrocatalytic activity and durability. To our best knowledge, the electrocatalytic activity and durability of metal-free I-NG for ORR in the neutral electrolyte was better than any other CN materials reported previously, even better than those of Pt or its alloys.
It is well known that almost all the reported electrocatalysts with superior activity and durability as alternatives of Pt catalyst are the metal-based materials, and the metal-free materials with such an ideal electrocatalytic activity and durability for ORR were rather scare [29] [30] [31] . The related reasons could be explained as follows. The most important one was that mpg-C 3 N 4 provided sufficient nitrogen content, especially nitrogen active sites, for NG nanosheets, which drove the I-NG material to have the strong ability of weakening the O-O bond via the bonding between the oxygen and nitrogen and/or the adjacent carbon atom as a feasible metal-free electrocatalyst. The other one was that the electron transfer efficiency of mpg-C 3 N 4 itself was significantly improved by using NG as the conductive support, which in turn facilitated the performance of NG. The obvious synergistic interactions between NG and mpg-C 3 N 4 brought I-NG super eletrocatalytic activity and durability for ORR (Schematic diagrams were summarized in Figure 6 ).
We further studied the electrocatalytic performance of current I-NG when being used as cathode catalyst in a real biological system (MFCs), and both the capacity and durability of power output in I-NG -MFCs were found much better than those in MFCs with NG and Pt/C as cathode catalyst. In the present study the internal resistances of I-NG-MFCs and Pt/C-MFCs based on EIS analysis were determined to be 75 6 4 and 88 6 5 V, respectively. It is well known that the internal resistance of a MFC reactor mainly consists of the electrode ohmic loss caused by the movement of electrons through the electrode and wires. MFC reactors used in this study had the same configuration, such as anode material, electrode distance, wires, etc. Thus, the difference of internal resistance between MFC reactors derived from the difference of the electrical characteristics, especially the conductivity, between the synthesized I-NG and Pt/C. In the current investigation the measured electrical conductivities of I-NG and Pt/C cathodes were 66 6 2 and 45 6 2 S cm 21 , respectively. Clearly, the higher conductivity of I-NG cathode resulted in the lower internal resistance of I-NG-MFCs, further benefiting the capacity of power generation. In this study, the maximum power density over operation time in MFCs was found to drop more or less. It has been proposed in the literature that the drop of maximum power density in MFCs was attributed to the proton limitation caused by biofilm formation on the cathode and activity deterioration of electrocatalyst 32 . Here, the thickness of biofilms on the cathodes of I-NGMFCs, NG-MFCs and Pt/C-MFCs was measured to be about 0.1 cm with operation time of about 80 d, which seemed to be one of the reasons for the decrease of maximum power density. However, it is worth noticing that the decrease of maximum power density in MFCs without cathode catalyst, which was caused by proton limitation only, was 1.0 6 0.2% (detailed data not shown here), revealing that the activity deterioration of cathode catalyst was the main reason for the decrease of maximum power density in I-NG-MFCs, NGMFCs and Pt/C-MFCs. Thus, the synthesized I-NG material also had the satisfying electrocatalytic durability in MFCs when being used as cathode catalyst for a long run.
In the previous investigations many efforts have been given to develop alternative catalyst, such as carbon fiber 33 , graphite 34 , transition metal porphyrines and phthalocyanine 32, 35 , to replace or reduce the content of Pt in MFCs. As far as we know, however, the performance of power generation was always unsatisfying compared with that with Pt/C when those so-called alternative catalysts were applied in MFCs. The I-NG-MFCs have been proved to have the excellent capacity and durability of power generation, even better than Pt/CMFCs. The novel I-NG catalyst, therefore, might be an ideal candidate for the alternative of Pt catalyst in MFCs, offering a new potential for constructing high-performance and less expensive cathode that is crucial for the large-scale practical application of MFC and other biological technology.
In summary, we have established a facile strategy for the enhancement of ORR activity and durability of NG nanosheets by the implantation of nitrogen active sites, and the synthesized I-NG material were demonstrated to possess super electrocatalytic activity and durability for ORR in the neutral electrolyte, and could be further used as a perfect alternative of Pt catalyst in MFCs for efficient and durable electricity generation. Arising from the success implantation of nitrogen active sites to NG nanosheets, the obtained I-NG might benefit not only fuel cell systems, but also lithium ion batteries (LIBs). The application of I-NG with a high pyridinic N content as a potential anode material could drive LIBs to achieve a high reversible capacity at a high charge/discharge rate as the pyridinic N plays an effective role in lithium intercalation and deintercalation 36 .
Methods
Materials synthesis. All reagents purchased from Sinopharm Chemical Reagent Co. Ltd. (China) were of analytical grade and used without further purification. All the solutions were prepared with doubly distilled water.
Graphite oxide (GO) was prepared from graphite powder by a modified Hummers method 37, 38 . In a typical reaction, 2.0 g of graphite, 1.0 g of sodium nitrate, and 50 mL of concentrated sulfuric acid were stirred together in an ice bath for 24 h. Under vigorous agitation, 6 g of potassium permanganate was slowly added. As the mixing was completed, the solution was transferred to a 40uC water bath for 30 min. Next, 100 mL of distilled water was gradually added, and the solution was stirred for 15 min while the temperature was increased to 90 6 5uC. Finally, the solution was diluted with 300 mL of distilled water and treated with 10 mL of H 2 O 2 (30%), turning the color from dark brown to yellow. The warm solution was then filtered and washed with 5% HCl solution and sequentially washed with distilled water. The resultant solid was finally dried under vacuum at 70uC overnight.
Nitrogen-doped graphene (NG) was synthesized by a one-pot solvothermal process. In a typical procedure, 100 mg of GO was added in 10 mL of water to give a dark brown solution and sonicated for 1 h. Sequentially, 60 mL of ammonia solution (25-28 wt% in water) was added, and the mixture was transferred into a Teflon-lined autoclave with volume of 180 mL and heated at 220uC for 12 h. The synthesized NG was collected by centrifugation and desiccation at 60uC overnight in a vacuum to remove the physisorbed NH 3 .
The mesoporous graphitic carbon nitride (mpg-C 3 N 4 ) material was prepared according to the method described by Goettmann 39 . Typically, 10 g of cyanamide was melted in 10 mL of H 2 O, followed by dropping a certain amount of a 40% dispersion of 12 nm SiO 2 particles in water (Ludox HS40). The mixtures were then stirred at 70uC to remove the water. The dry solid was subjected to sinter about 2 h to reach temperature of 550uC and then to 600uC for 10 h under static vacuum in a sealed quartz ampoule. The resulting powder was treated with NH 4 HF 2 solution (4 M) for 24 h to remove the silica template. The powders were then centrifugated and washed three times with distilled water and twice with ethanol. Finally, the mpg-C 3 N 4 powers were dried at 70uC under vacuum overnight.
The implantation of nitrogen active sites into NG nanosheets was completed via sonochemical approach. The typical procedure was as follows: 100 mg of NG was dispersed in 100 mL of concentrated HNO 3 (70%) at 50uC to induce hydrophilicity. Then, a certain amount of mpg-C 3 N 4 powder was added into the above solution. The suspension was ultrasonicated for 10 h and then dried at 80uC under vacuum for Characterization of the synthesized materials. Transmission electron microscopy (TEM) images for the synthesized catalysts were recorded on a Philips EM-430 TEM unit, and scanning electron microscopy (SEM) ones on a Hitachi S-4800. Raman microspectroscopy was carried out on a Renishaw inVia unit using the Ar ion laser with an excitation wavelength of 514.5 nm. The wide-angle X-ray diffraction pattern was conducted on a Bruker D8 Advance X-ray diffractometer with Cu K-alpha radiation. The diffraction data were collected in step scans, with a step size of 0.05u (2h) and a count time of 2 s per step between 10 and 100u (2h). X-ray photoelectron spectroscopic (XPS) measurements were performed on a Perkin Elmer PHI 5000C ESCA system with a monochromic Al K-alpha X-ray source. Before each analysis, the samples were dried under vacuum at 80uC. Spectra obtained over a scan range of 0-1100 eV were recorded and stored using the PHI ACCESS data system, and analyzed with XPSPEAK41 software.
Electrochemical measurements were conducted on a computer-controlled electrochemical workstation (Autolab PGSTAT 302N) with a typical three-electrode cell equipped with gas flow systems. A glassy carbon (GC) disk electrode (3 mm in diameter, Pine Research Instrumentation) coated with I-NG (I-NG/GC), NG (NG/ GC), mpg-C 3 N 4 (mpg-C 3 N 4 /GC) or Pt/C (20% of Pt/C, BASF; Pt/C/GC) was used as working electrode, an Ag/AgCl electrode (3 M KCl-filled) as reference electrode, and a platinum wire as counter electrode. An aqueous solution of 50 mM PBS (pH 7.0), which was prepared by mixing the stock solution of Na 2 HPO 4 and NaH 2 PO 4 , was applied as the electrolyte for voltammogram measurements. Cyclic voltammogram (CV) measurements were carried out to characterize electrochemical activities on the electrode surface by measuring the current response on electrode surface to a specific range of potentials with a scan rate of 0.1 V s 21 . Rotating ring-disk electrode (RRDE) voltammogram measurements were prepared on a GC ring-disk electrode (5 mm diameter glassy carbon core and 9 mm outer diameter, Pine Research Instrumentation). During the preparation of working electrode, the GC was successively polished using 1.0 and 0.3 mm alumina powder followed by rinsing thoroughly with doubly distilled water. After successive sonication in 151 nitric acid, acetone, and doubly distilled water, the electrode was rinsed and dried at room temperature. A 5 mL 4 mg/mL of catalyst suspension was dropped on the surface of the pretreated GC (or 2.5 mL 2 mg/mL of catalyst suspension was dropped on the GC disk part for RRDE measurement) and dried under vacuum to obtain the working electrode. Before the RRDE measurements, oxygen gas was saturated in the electrolyte by bubbling the gas for 30 min. All electrochemical experiments (except as noted) were carried out at room temperature.
The internal resistance (R in ) of MFCs was determined by electrochemical impedance spectroscopy (EIS) according to the method described by Bard and Faulkner 40 . Impedance measurements were carried out at open circuit voltage (OCV) in a frequency range of 0.05 to 10 5 Hz with sinusoidal perturbation amplitude of 10 mV. After the power in MFCs was generated stably, the external resistance (R ext ) was in turn shifted in the range of 10 to 10 4 V to prepare the polarization and power curves. At each resistance, MFCs were operated for at least three batches to ensure the repeatable voltage output.
MFC configuration and operation. The electrochemical reactors used in this study were membrane-free single-chamber air-cathode MFCs constructed as previously reported 41 . The anodes were carbon fiber brushes that had a two-wire Ti core as the current collector and treated by the method of Feng et al 42 . The cathodes were made of carbon cloth (30% wet proofed, BASF) containing a catalyst loading of 0.5 mg cm 22 on the water-facing side, with four PTFE diffusion layers and one carbon base layer on the air-facing side. The cathode catalysts examined in the present study were the synthesized materials including I-NG and NG. In order to compare the performance of the synthesized catalysts with the commonly used cathode catalyst, MFCs with a commercial Pt catalyst (20% of Pt/C, BASF) were set as the reference test. A cathode containing only carbon powder (Vulcan XC-72) was prepared as a non-catalyst control to investigate the elctrocatalytic durability of cathode catalysts in MFCs.
During the start-up of MFCs, all reactors were inoculated with suspended bacteria from an acetate-fed MFC reactor that had been operating for about 6 months, and filled with acetate-laden synthetic wastewater containing (1 L of 50 mM phosphate buffer solution, pH 7.0) NaAc (a preferred carbon source for exoelectrogenic bacteria 43, 44 ), 1000 mg; NH 4 Cl, 310 mg; KCl 130 mg; and minerals and vitamins as described by Lovely and Phillips 45 . As the voltage dropped below 20 mV, the feed solution in the MFC reactor was replaced to form one complete operation cycle. After the voltages generated in MFCs maintained stable, the inoculum was omitted from the solution and the experimental data were recorded. The external resistance was fixed at 1000 V (except as noted) and all reactors were operated in batch mode at room temperature. 
